The control of broadband steady state vibration amplitude of a multi-mode system is presented. This objective is achieved using an Active Dynamic Vibration Absorber (ADVA). The stiffness property of the ADVA is adaptively tuned to attenuate the vibration of the multi-mode system at resonance. The ADVA detects the excitation frequency of the multi-mode system and calibrates its stiffness property to give the required stiffness for that mode. To implement the ADVA, a prototype model with low modal frequencies is designed. The equations of the steady state response of the multi-mode system with the attached ADVA are derived. The behavior of the prototype model when the ADVA is attached to different locations is used to determine the optimal location of the ADVA. The simulation result shows a reduction in the broadband of the multi-mode system. The result of the implementation of the ADVA reveals a 46% , 73% and 97% vibration amplitude reduction at first, second and third mode of the multi-mode system respectively.
INTRODUCTION
The techniques for controlling vibration are generally classified as passive, active, semi-active or hybrid. The comparison of each of these techniques shows important features. Each of these can be compared based on the controlling efforts required and the performance of the techniques [1] . The use of inertia mass in vibration control of mechanical structures [2] is common to the three different controlling techniques.
In structural engineering, taller and lighter buildings are being constructed due to increasing demands. Due to the recent developments in control theory and applications of software packages in engineering, controlling the dynamic behaviors of structural systems has been a lot easier [3] . The traditional methods of reducing vibrations in structures have always been through the use of passive design. They do not require energy and therefore they don't generate unwanted states [4] . However, because they do not have sensors, they don't respond to changes that may be experienced in the vibrating structures or even the controlling device. All of these reasons have necessitated that more research be conducted into the use of active vibration control in mechanical structures.
Passive controlling devices are called Dynamic Vibration Absorber (DVA) or Tuned Mass Damper (TMD) while active controlling devices are called Active Mass Damper (AMD) [5] . The DVA are usually used as passive devices in attenuating vibration. By attaching an actuator to the DVA it becomes an Active Dynamic Vibration Absorber (ADVA). Various modifications and studies have been done on the actuator components used in active vibration control [6] . The reliabilitybased controller algorithms are also studied in research of [7] . The use of artificial intelligence has also been studied [8] , [9] . The application of the different active vibration control methods on structural engineering have been investigated [10] , [11] .
Active vibration control systems usually involve the use of a controller. This requires a source of energy, sensors and actuators. For the actuators in active vibration control to produce a vibration control force, it must first receive a reaction force. This reaction force can be received by three methods; at a fixed point, using the reaction of an auxiliary inertia or by using the reaction of an auxiliary structure. The second method has the advantage of being able to place the reaction mass on any part of the vibrating structure [12] . The controlling device can then be made to be passive by optimally adjusting the parameters of the three elements of the controlling device i.e. spring, damper and mass, or active by attaching sensors and actuators to the controlling device. This makes the controlling device respond actively to any change in the dynamic response of the vibrating structures. The use of the ADVA as an active vibration controller has been of great interest to researchers. Due to the improvements in control theories, more researchers have focused their attention to this field [13] .
The objective of this paper is to design an ADVA system using PID control algorithm to adaptively tune the ADVA stiffness property in order to attenuate the vibration of a multi-mode system at modal frequencies. To test the effectiveness of the ADVA, prototype of a three-story building that has low resonant frequencies is developed. The mathematical model for the prototype building is derived. Simulation study on the optimal location of the ADVA is performed. Simulation results showing the performance of the ADVA in attenuating vibration amplitude of the system at resonant frequencies is compared with experimental results.
Section 1 is an introductory section on the use of an ADVA in structural vibration control. Section 2 describes the theory of an ADVA. The multi-mode prototype system used in this work is described in section 3. Section 4 shows simulation results on the use of an ADVA in reducing the broadband vibration of the prototype model described in section 3. The optimal location and tuning of the ADVA is obtained and is shown in this section. The configuration of the designed ADVA is described in section 5. Using LabVIEW, the control algorithm used to effectively tune the ADVA is described in section 6. The experimental setup used in this research is then shown in section 7. Section 8 gives conclusion of this work.
THEORY OF ADVA
A helical spring is used as the spring component of the ADVA. The effective spring coil is adaptively changed using an actuator. This gives the opportunity of changing the stiffness property of the ADVA and reducing vibration at all modes of the vibrating building. Thus, bandwidth of vibration control covers the first mode to third mode. The ADVA natural frequency range is chosen to accommodate the resonant frequencies of the building model to be controlled. The stiffness property of the helical spring [14] is given as (1) where k a is the spring stiffness, d is spring wire diameter, G is the modulus of rigidity of the spring material, D is the outer diameter and N is the number of coils required to give the needed stiffness. Given that the absorber frequency changes according to the building model resonant frequencies which are ω p1 , ω p2 and ω p3 , the stiffness of the ADVA can thus be changed accordingly.
Active dynamic vibration absorber for broadband control of a multi-mode system: simulation and experimental verification (2) where K a1 , K a2 , K a3 are the absorber stiffness at resonant frequencies and m a is the absorber mass. Therefore by replacing equation (2) into (1) we have (3) where, N 1 , N 2 , N 3 are the number of coils needed to give the required stiffness for the ADVA at the first, second and third resonant frequency of the building model. It can be seen from equation (3) that by varying the number of spring coils (N) the ADVA natural frequencies (ω a ) can be varied. Varying the spring coils to match the resonant frequencies will reduce the vibration amplitude of the multi-mode system. This process of varying the ADVA stiffness is called "tuning" [15] .
For this research, the ADVA must be tuned to accommodate three natural frequencies of the multi-mode system. Tuning involves determining the correct number of coils N in Equation (3) that will give the required stiffness at the resonant frequencies of and.
THREE-STORY BUILDING MODEL
The multi-mode system used is a prototype model of a three story building. The physical parameters of the multi-mode system (mass and stiffness) are selected so that the system has low resonant frequencies. The floors are made of aluminum and columns of building model are made of stainless steel. The equivalent stiffness on each floor is calculated using the column schematic diagram shown in Figure 3 .
Figure 3. Schematic diagram of column
The equation used to calculate each column stiffness is given as:
where k b is the stiffness of each column and since each floor has four columns, the effective stiffness on each floor is equal to 4k b . EI is the flexural rigidity, I is the moment of inertia, b is the breadth of each column, d is the thickness of each column, and L is the length of each floor column. The stiffness of each column is obtained using equation (4) . The properties of the building model are given in Table 1 Active dynamic vibration absorber for broadband control of a multi-mode system: simulation and experimental verification
SIMULATION RESULTS
The equation of motion of the building model can be written mathematically as (9) where M is the mass matrix, K is the stiffness matrix and F is the forcing function. This can be represented as (10) m i and k i are the mass and equivalent stiffness of i-th floor and f 1 is the excitation force. Generally, the modal frequencies [16] are obtained by solving Equation (11) (11) where ω n and X n are the n-th natural frequency and mode shape. Non-trivial solution to the equation (11) is obtained by taking its determinant as shown in equation (12). (12) where λ are eigenvalues. The three natural frequencies of the building model are obtained from Equation 12 . This can be represented as ω 1 , ω 2 and ω 3 . Also, the mode shape of the first floor, second floor and third floors for n-th mode is X n = [x n1 , x n2 , x n3 ] T . (10) is modified based on three different attachment points of the ADVA on the building model [17] . Since proportional damping is assumed for the system, the damping property of the building model is assumed negligible. By attaching the ADVA to the prototype building, the equations of motion changes to a four degree of freedom system. The resulting equations of motion for the three different cases are given below:
where m a and k a are the absorber mass and stiffness. The response of the three floors [x 1 , x 2 , x 3 ] to a unit force excitation at the first floor is shown in Figure 5 , 6 and 7. 
Tuning the ADVA
In order to simulate the adaptiveness of the ADVA at all resonant frequencies, the stiffness property of the ADVA is tuned to all the resonance frequencies. This is to ensure that if the building is excited across the broadband which includes all its resonance frequencies, the vibration amplitude of the multi-mode system at steady state excitation is reduced [18] . 
ACTIVE DYNAMIC VIBRATION ABSORBER
The ADVA supporting structure has a base and two opposing end plates. A guide rod made of steel connects one end plate while the other end plate is connected by an aluminum rod. The steel guide rod serves as a guide to the absorber mass. The absorber mass is made of steel. A linear bearing is fitted into its center to reduce friction when it slides on the steel guide rod. The absorber spring is locked to the absorber mass by a plate. The clamp plate is attached to the free end of the aluminum rod while the other end of the aluminum rod has a DC brushless motor fitted to it. The effective number of spring coils can be obtained by rotating the spring clamp using the DC brushless motor. This rotation is achieved by driving the motor.
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Considering the fact that the ADVA mass will affect the resonant frequencies, mass consideration is a priority in the design of the ADVA. This conforms to the design criteria of 0.05 ≤ µ ≤ 0.25 [19] , where µ is the mass ratio. The value of µ for the ADVA is 0.21.
Figure 11. ADVA Design
The length of the spring is chosen so that the range of the natural frequencies of the ADVA covers the first three natural frequencies of the prototype building. The equation of the stiffness of the helical spring is given in (1) and repeated in (16) for convenient. (16) where n a is number of active spring coils, G a is modulus of rigidity of spring material, d a is wire diameter of spring, D is mean diameter (outer diameter -wire diameter) and k a is the stiffness of the ADVA. k a is tuned to three different resonant frequencies. The ADVA design is shown in Figure 11 .The properties of the ADVA components are shown in Table 2 .
Table 2
Properties of the ADVA
CONTROL ALGORITHM
A control strategy is needed to implement the ADVA on the 3DOF system. This will ensure that the natural frequency of the ADVA is adaptive to attenuate vibration amplitude at any of these three resonant frequencies.
An accelerometer is attached to the building model. The accelerometer measures the acceleration signal due to the excitation force. Frequency details are obtained from the acceleration signal using Fast Fourier Transform (FFT) at any particular time. The amplitude and frequency component of this signal is separated and used to determine the appropriate position where the motor should be rotated at. To accommodate variation in acceleration signal, the broadband frequency signal is set to three values; 5-10Hz, 15-20Hz and 27-32Hz. From simulation results, the resonant frequencies of the building model are within these ranges. The motor rotation speed is calibrated with the natural frequency of the ADVA. A rotary encoder is attached to the motor to ensure the motor moves to the proper position. When one of the resonant frequencies within the broadband is detected, the motor moves to the theoretical position for the absorber natural frequency to be equal to the excitation frequency. A PID controller algorithm is used to move the motor to the desired point. This first stage is to obtain the absorber natural frequency by rotation of the motor to the desired position.
The second stage is to auto-tune the absorber natural frequency exactly to the excitation frequency. In the first stage, the motor is not in a completely efficient position. This might be due to different forces acting in the mechanism of the absorber. The motor is then made to move clockwise and the amplitude of vibration is measured. The motor then makes an anticlockwise motion and the amplitude is measured. These two positions are then compared with the aim of selecting the position of the motor that gives the largest reduction in the amplitude of vibration. The motor then moves to the position of the lowest amplitude and the sequence of operation is ended.
Figure 12. Control strategy
To implement the control algorithm, the state machine code in LabVIEW is used. The five different states of the control state machine correspond to the five processes in the control strategy in Figure 12 . Each process is executed and a trigger is sent to execute the next corresponding state. The LabVIEW state code used is shown in Figure 13 .
The experimental setup used for the research is shown in Figure 14 . 
EXPERIMENTAL RESULTS
The effect of the ADVA at the three resonant modes is shown in Figures 15 (a) , (b) and (c). The frequency response function of the building model is obtained and shown in Figures 16(a) , (b) and (c). The time taken in LabVIEW to adapt the building model from one resonant frequency to another is around 10 seconds. The dB reduction and percentage attenuation for the first, second and third modes of the 3DOF system are given in Table 3 . As seen in Table 3 , the ADVA tuning algorithm is developed successfully. This tuning algorithm is used on the first three modes of vibration for the mathematical model of the three story building model. The experimental modal frequencies are 5.85Hz for the first mode, 19.53Hz for the second mode and 30.76Hz for the third mode. The peak reductions in vibration are 46.11% for the first mode 73.38% for the second mode and 97.39% for third mode. It is notable that the reduction for first mode is lesser compared to the second and third mode. To effectively reduce the large deflection of the first mode, absorber mass need to undergo a large displacement to create necessary counter force. However, due to physical limitation of the ADVA, the proof mass could not have the required displacement to effectively reduce the first mode vibration. Performance of the ADVA at the first mode can be improved with a longer guide rod or by increasing spring stiffness and proof mass.
CONCLUSION
In this research, an ADVA is implemented on a three story building model. By tuning the ADVA, the displacement of the building floors at resonance frequencies is reduced. The contribution of this work is the design of an adaptive ADVA, in which the actuator is adjusted using a PID controlled algorithm. The tuning of the actuator is achieved by calibrating the number of coils for the helical spring at the ADVA to match the resonant frequency. The controller is designed for individual resonant frequencies of the building model. The results show that the ADVA has reduced the vibration amplitude of the individual modes, thus making the ADVA useful for broadband frequencies which accommodate the resonant frequencies of the 3DOF system. The findings of this study can be applied to a full scale building. Active dynamic vibration absorber for broadband control of a multi-mode system: simulation and experimental verification
